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Abstract Type Iax supernovae (SN Iax), also called SN 2002cx-like supernovae, are the
largest class of “peculiar” white dwarf (thermonuclear) supernovae, with over fifty mem-
bers known. SN Iax have lower ejecta velocity and lower luminosities, and these pa-
rameters span a much wider range, than normal type Ia supernovae (SN Ia). SN Iax are
spectroscopically similar to some SN Ia near maximum light, but are unique among all
supernovae in their late-time spectra, which never become fully “nebular”. SN Iax over-
whelmingly occur in late-type host galaxies, implying a relatively young population. The
SN Iax 2012Z is the only white dwarf supernova for which a pre-explosion progenitor sys-
tem has been detected. A variety of models have been proposed, but one leading scenario
has emerged: a type Iax supernova may be a pure-deflagration explosion of a carbon-
oxygen (or hybrid carbon-oxygen-neon) white dwarf, triggered by helium accretion to
the Chandrasekhar mass, that does not necessarily fully disrupt the star.
1 Introduction
Type Iax supernovae (SN Iax) are a class of objects similar in some observational prop-
erties to normal type-Ia supernovae (SN Ia), but with clear differences in their light-curve
and spectroscopic evolution. SN Iax are also called “02cx-like” supernovae, based on
the exemplar SN 2002cx, which was described by Li et al. (2003) as “the most peculiar
known” SN Ia. Later, Jha et al. (2006) presented other similar objects, making SN 2002cx
“the prototype of a new subclass” of SN Ia. Foley et al. (2013) coined the SN Iax classi-
fication, arguing these objects should be separated from SN Ia as “a new class of stellar
explosion.”
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Here I summarize the properties of SN Iax, describing their observational properties in
Section 2 and models in Section 3. I discuss analogues of SN 2002cx and well-studied
examples like SN 2005hk (Chornock et al. 2006; Phillips et al. 2007; Stanishev et al.
2007; Sahu et al. 2008), SN 2008A (McCully et al. 2014b), SN 2012Z (Stritzinger et al.
2015; Yamanaka et al. 2015), and SN 2014ck (Tomasella et al. 2016) as well as more
extreme members of the class like SN 2008ha (Foley et al. 2009; Valenti et al. 2009)
and SN 2010ae (Stritzinger et al. 2014). There may be some connection between SN Iax
and other classes of peculiar white-dwarf supernovae (like SN 2002es-like objects; Gane-
shalingam et al. 2012; White et al. 2015; Cao et al. 2016) but I restrict my focus to SN Iax
here; other peculiar objects are explored by Taubenberger (2016).
2 Observations
In this section I discuss the identification and classification of SN Iax, followed by their
photometric and spectral properties from early to late time. I also discuss the host envi-
ronments of SN Iax, their rates, and pre- and post-explosion high-resolution imaging.
2.1 Identification and Classification
Supernovae are traditionally classified by their maximum light optical spectra, and SN Iax
are no exception. These objects have spectra very similar to some normal SN Ia, particu-
larly the “hot” SN 1991T-like or SN 1999aa-like objects, with typically weak Si II absorp-
tion and prominent Fe III lines (Nugent et al. 1995; Li et al. 2001). The key discriminant
for SN Iax is the expansion velocity; unlike typical SN Ia where the line velocity (usually
measured with Si II) is ∼10,000 km s−1, SN Iax have much lower line velocities any-
where from 6000−7000 km s−1 (for objects like SN 2002cx, 2005hk, 2008A, 2012Z, and
2014dt) down to 2000 km s−1 (for objects like SN 2009J). Figure 1 shows maximum-
light spectra of SN Iax with a range of expansion velocities, compared to normal SN Ia.
Because line velocities are not always measured or reported when SN are classified and
host redshifts are sometimes uncertain, on occasion SN Iax have been misclassified as
normal SN Ia. Indeed, it is possible to identify unrecognized SN Iax in past observations,
like SN 1991bj1 (Stanishev et al. 2007). Table 1 gives a list of 53 objects that have been
classified as SN Iax.
2.2 Photometric properties
The optical light curves of SN Iax show a general similarity to SN Ia, though with more di-
versity. SN Iax typically have faster rises (∼10 to 20 days) in all bands, with pre-maximum
1 One speculates how the history of supernova cosmology would have changed if the diversity in SN Ia
were not only typified by the extremes SN 1991T and SN 1991bg, but SN 1991bj as well, a SN Iax that
would fall off the luminosity/light-curve decline rate relationship!
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Table 1 Partial list of type Iax supernovae. Host galaxies, redshifts, and estimated peak absolute
magnitudes are from the Open Supernova Catalog (Guillochon et al. 2017). The references listed
present the classification and/or maximum-light data and are incomplete.
Supernova Host Galaxy z Mpeak References
SN 1991bj IC 344 0.018 −15.3 Stanishev et al. (2007)
SN 1999ax A140357+1551 0.023 −18.3 Foley et al. (2013)
SN 2002bp UGC 6332 0.020 −16.4 Silverman et al. (2012)
SN 2002cx CGCG 044−035 0.023 −18.8 Li et al. (2003)
SN 2003gq NGC 7407 0.021 −17.2 Jha et al. (2006)
SN 2004cs UGC 11001 0.014 −16.1 Foley et al. (2013)
SN 2004gw CGCG 283−003 0.017 −16.9 Foley et al. (2009)
SN 2005P NGC 5468 0.009 −14.8 Jha et al. (2006)
SN 2005cc NGC 5383 0.007 −17.6 Antilogus et al. (2005)
SN 2005hk UGC 272 0.013 −18.5 Chornock et al. (2006); Phillips et al. (2007);
Stanishev et al. (2007); Sahu et al. (2008)
SN 2006hn UGC 6154 0.017 −18.9 Foley et al. (2009)
SN 2007J UGC 1778 0.017 −17.2 Filippenko et al. (2007)
SN 2007ie SDSS J21736.67+003647.6 0.093 −18.2 Östman et al. (2011)
SN 2007qd SDSS J20932.72−005959.7 0.043 −16.2 McClelland et al. (2010)
SN 2008A NGC 634 0.016 −19.0 McCully et al. (2014b)
SN 2008ae IC 577 0.030 −18.8 Blondin and Calkins (2008)
SN 2008ge NGC 1527 0.003 −17.4 Foley et al. (2010b)
SN 2008ha UGC 12682 0.004 −14.0 Foley et al. (2009); Valenti et al. (2009)
SN 2009J IC 2160 0.015 −15.9 Stritzinger (2009)
SN 2009ho UGC 1941 0.048 −18.2 Steele et al. (2009)
SN 2009ku A032953−2805 0.079 −17.9 Narayan et al. (2011)
PTF 09ego SDSS J172625.23+625821.4 0.104 −18.6 White et al. (2015)
PTF 09eiy · · · 0.06 · · · White et al. (2015)
PTF 09eoi SDSS J232412.96+124646.6 0.042 −16.7 White et al. (2015)
SN 2010ae ESO 162-G17 0.003 −14.0 Stritzinger et al. (2014)
SN 2010el NGC 1566 0.005 −13.0 Bessell and Schmidt (2010)
PTF 10xk · · · 0.066 −17.1 White et al. (2015)
SN 2011ay NGC 2315 0.021 −18.1 Szalai et al. (2015)
SN 2011ce NGC 6708 0.008 −17.1 Maza et al. (2011)
PTF 11hyh SDSS J014550.57+143501.9 0.057 −18.7 White et al. (2015)
SN 2012Z NGC 1309 0.007 −18.1 Stritzinger et al. (2015); Yamanaka et al. (2015)
PS1-12bwh CGCG 205−021 0.023 −16.2 Magee et al. (2017)
LSQ12fhs · · · 0.033 −18.2 Copin et al. (2012)
SN 2013dh NGC 5936 0.013 −17.3 Jha et al. (2013)
SN 2013en UGC 11369 0.015 −17.9 Liu et al. (2015c)
SN 2013gr ESO 114−G7 0.007 −15.4 Hsiao et al. (2013a,b)
OGLE-2013-SN-130 · · · 0.09 −18.0 Bersier et al. (2013)
OGLE-2013-SN-147 · · · 0.099 −19.3 Le Guillou et al. (2013)
iPTF 13an 2MASX J12141590+1532096 0.080 · · · White et al. (2015)
SN 2014ck UGC 12182 0.005 −15.5 Tomasella et al. (2016)
SN 2014cr NGC 6806 0.019 −17.0 Childress et al. (2014)
LSQ14dtt · · · 0.05 −18.0 Elias-Rosa et al. (2014)
SN 2014dt NGC 4303 0.005 −18.6 Foley et al. (2015); Fox et al. (2016)
SN 2014ek UGC 12850 0.023 −18.0 Zhang and Wang (2014)
SN 2014ey CGCG 048−099 0.032 −18.1 Lyman et al. (2017)
SN 2015H NGC 3464 0.012 −17.7 Magee et al. (2016)
PS15aic 2MASX J13304792+3806450 0.056 −17.9 Pan et al. (2015)
SN 2015ce UGC 12156 0.017 −17.9 Balam (2017)
PS15csd · · · 0.044 −17.5 Harmanen et al. (2015)
SN 2016atw · · · 0.065 −18.0 Pan et al. (2016)
OGLE16erd · · · 0.035 −17.1 Dimitriadis et al. (2016)
SN 2016ilf 2MASX J02351956+3511426 0.045 −17.6 Zhang et al. (2016)
iPTF 16fnm UGC 00755 0.022 −15.0 Miller et al. (2017)
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Figure 1. Spectra of SNe Iax, from lowest to highest ejecta velocity (SNe 2009J,
2005cc, and 2008A, respectively), in comparison with the high-luminosity
SN Ia 1999aa (Li et al. 2001b; Garavini et al. 2004). The black spectra are
unaltered. The red spectra are smoothed using a Gaussian filter of 300, 900,
and 1800 km s−1 for SNe 2009J, 2005cc, and 2008A, respectively. The blue
spectra are the smoothed spectra after being blueshifted by 3000, 3000, and
6000 km s−1, respectively. The smoothed, blueshifted SN 2009J spectrum is
visually similar to the unaltered SN 2005cc spectrum; the smoothed, blueshifted
SN 2005cc spectrum is visually similar to the unaltered SN 2008A spectrum;
and the smoothed, blueshifted SN 2008A spectrum is visually similar to the
unaltered SN 1999aa spectrum.
(A color version of this figure is available in the online journal.)
To be a member of the SN Iax class, we require (1) no evi-
dence of hydrogen in any spectrum, (2) a maximum-brightness
photospheric velocity lower than that of any normal SN Ia at
maximum brightness (|v| . 8000 km s−1), and (3) if near-
maximum light curves are available, an absolute magnitude that
is low for a normal SN Ia given its light-curve shape (i.e., falling
below the WLR for SNe Ia). By the first criterion, we exclude all
SNe II and any SN that obviously has a hydrogen envelope. The
second criterion will exclude all “normal” SNe Ia, Ib, and Ic,
including high-luminosity and low-luminosity SNe Ia similar
to SN 1991T (Filippenko et al. 1992b; Phillips et al. 1992) and
SN 1991bg (Filippenko et al. 1992a; Leibundgut et al. 1993),
respectively, as well as the unique SN 2000cx (Li et al. 2001a),
SNe similar to SN 2006bt (Foley et al. 2010b), SN 2010X
(Kasliwal et al. 2010), and ultraluminous SNe I (e.g., Pastorello
et al. 2010; Quimby et al. 2011; Chomiuk et al. 2011). No known
core-collapse SN passes these first two criteria. The third crite-
rion excludes all “super-Chandrasekhar” SNe Ia (e.g., Howell
et al. 2006), which can have low ejecta velocities, but have high
peak luminosities.
A final criterion is that the spectra need to be similar to
those of SN 2002cx at comparable epochs. This last criterion
is somewhat subjective, yet necessary. It is also a primary
criterion, as the first two criteria listed above naturally result
from spectral similarity. We note that this criterion is no
more subjective than the one used to distinguish between
SNe Ia and Ic. However, exclusively using the previously listed
criteria for classification would include specific SNe that do
not appear to be physically related to SN 2002cx. For instance,
SN 2005E (Perets et al. 2010) lacks hydrogen, has a low ejecta
velocity, and a low luminosity for its light-curve shape, but
is clearly spectroscopically different from SN 2002cx at all
epochs. SNe 2005E and 2008ha have somewhat similar spectra
at ∼2 months after maximum brightness. Both have strong
[Ca ii] and Ca ii emission, but there are several significant
differences, including SN 2008ha lacking [O i] (Foley et al.
2009). Significant differences in the host-galaxy morphologies
for SNe similar to SNe 2002cx and 2005E further suggest that
these SNe have significantly different progenitor systems (Foley
et al. 2009; Perets et al. 2010). SNe 2002es (Ganeshalingam
et al. 2012) and PTF 09dav (Sullivan et al. 2011, which fails
our first criterion) have low luminosity and low velocities, but
also have significantly cooler spectra (lacking Fe iii and having
strong Ti ii features) than SN 2002cx near maximum brightness.
Although SN 2002es and PTF 09dav may be physically related
to the SN 2002cx-like class in the same way that SN 1991bg
is similar to the hotter, more common “Branch-normal SNe Ia”
(Branch et al. 1993), we do not currently link these SNe to
SNe Iax. The progenitor environments of the SN 2002es and
PTF 09dav are also suggestive of older progenitor systems:
SN 2002es was hosted in an S0 galaxy, a fairly unusual host
for an SN Iax (Foley et al. 2009), and PTF 09dav was found
∼40 kpc from its host, which may indicate a particularly old
progenitor system, unlike what is inferred for the majority of
SNe Iax. We also exclude SN 2002bj (Poznanski et al. 2010),
which is somewhat spectroscopically similar to SN 2002cx, but
also different in several ways. Its light curve was extremely
fast (∆m15 > 4 mag), yet it was still fairly luminous at peak
(M ≈ −18 mag). We consider there to be too many significant
differences to include SN 2002bj in the class. A list of our
criteria and how various SN classes and particular objects pass
or fail the criteria is presented in Table 1.
When applying the criteria to our sample, we note that three
of the four criteria can be determined from a single spectrum
near maximum light. We also note that there are no SNe
that are spectroscopically similar to SN 2002cx and also have
luminosities equal to or larger than SNe Ia with the same light-
curve shape. Therefore, a single near-maximum-light spectrum
appears to be sufficient for classification. However, because of
the spectral similarities with other SNe Ia (except for the lower
ejecta velocities; see Figure 1), SNe Iax are easily mistaken as
normal SNe Ia in initial classifications. In particular, spectral
classification software such as SNID (Blondin & Tonry 2007)
can easily misclassify an SN Iax as an SN 1991T-like SN Ia if
one does not know the redshift of the SN or does not restrict
the redshift to be the host-galaxy redshift. Misclassification
was even more common before the recognition of SN 2002cx
as being distinct from SNe Ia and before a substantial set of
examples was assembled. We therefore do not believe that our
sample is complete, and it could be significantly incomplete
(especially for SNe discovered before 2002). However, the
CfA and Berkeley Supernova Ia Program (BSNIP) spectral
samples have been searched for misclassified SNe Iax (Blondin
et al. 2012; Silverman et al. 2012), with BSNIP identifying
one new SN Iax. When determining membership in the class,
we first examine our own and published data to match the
criteria described above. For some objects, we use data from
IAU Circulars and The Astronomer’s Telegrams. There is
no definitively identified SN Iax for which we do not have
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Fig. 1 Near-maximum light spectra of SN Iax compared to normal nd 91T/99aa-like SN Ia. The
left panel shows the similarity of SN Iax to normal SN Ia (including the weak presence of S II lines
sometimes considered hallmarks of thermonucl ar SN), but also the lower xpansion velocities
(e.g., compare the locations of the Si II lines). The right panel shows the range of SN Iax expansion
velocities, from the lowest velocity SN 2009J (vexp ≈ 2200 km s−1) at he top, SN 2005cc (vexp ≈
5000 km s−1) intermediate, and SN 2008A (vexp ≈ 6400 km s−1) at the bottom, also compared to
the normal SN 1999aa below. Note the similarity in the spectra as the lower-velocity objects are
smoothed and shifted to resemble the higher-velocity objects. Figure adapted from McCully et al.
(2014b) and Foley et al. (2013).
light curves showing significant variety (Magee et al. 2016, 2017). The B and V -band de-
cline rates are similar to normal SN Ia, though generally also o the faster side (Stritzinger
et al. 2015), and the optical color evolution in SN Iax (e.g., in B−V ) has a shape roughly
similar to normal SN Ia (Foley et al. 2013). However, SN Iax have significantly slower de-
clines in redder bands, e.g., ∆m15(R)' 0.2 to 0.8 mag, compared to normal Ia which
have ∆m15(R) ' 0.6 to 0.8 mag (Magee et al. 2016). Faster rising SN Iax are generally
faster fading as well, with some exceptions, like SN 2007qd (McClelland et al. 2010).
SN Iax do not show the prominent “second-peak” in the redder and near-infrared bands
(González-Gaitán et al. 2014) that characterize normal SN Ia. The second-maximum is
especially strong in slowly-declining SN 1999aa or 1991T-like SN Ia; thus the SN Ia that
are spectroscopically most similar to SN Iax have quite a different photom tric behavior.
Nonetheless, similar to SN Ia, weeks after maximum light SN Iax show only modest color
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evolution. Late-time colors may thus provide a useful diagnostic of host-galaxy redden-
ing (Lira 1996; Foley et al. 2013), which is otherwise difficult to determine for SN Iax.
The very late-time optical light curves of typical SN Iax continue to show a decline slower
than SN Ia until about 300 to 400 days past maximum light, after which SN Ia light curves
also slow to similar decline rates as SN Iax: 0.01−0.02 mag day−1 (McCully et al. 2014b).
The peak optical luminosity of SN Iax is lower than typical SN Ia and it spans a much
wider range, from MV ' −19 on the bright end to MV ' −13 for the faintest SN Iax known.
Compared to the light curve decline rate, SN Iax fall well below the Phillips (1993) rela-
tion, by anywhere between 0.5 and several magnitudes (Foley et al. 2013). Certainly, as
seen in Figure 2, SN Iax do not show as tight a relation in this parameter space as nor-
mal SN Ia (even including the SN 1991T/1999aa and SN 1991bg extremes of the normal
SN Ia distribution). Magee et al. (2016, see their Figure 5) suggest a stronger correlation
may exist between peak luminosity and rise time, rather than decline rate.
Near-infrared light curves of SN Iax are limited, with SN 2005hk still providing the
best data set (Phillips et al. 2007). Continuing the trend with wavelength in the optical,
the Y JH light curves of SN 2005hk show a broad, single peak that is delayed significantly
(∼10 to 15 days) relative to the B peak. The NIR contribution to the quasi-bolometric
“UVOIR” flux seems not too dissimilar to normal SN Ia (Stritzinger et al. 2015), and
this fraction seems roughly consistent even for the faintest SN Iax like SN 2008ha and
SN 2010ae (Stritzinger et al. 2014). A major surprise, however, is SN 2014dt, which
showed a significant near- and mid-infrared excess beginning ∼100 days past maximum
and lasting for a few hundred days at least (Fox et al. 2016).
The near-UV photometric behavior of SN Iax is also interesting, with objects showing
a faster evolution in near-UV minus optical color than SN Ia, and “crossing” the typically
parallel tracks made by normal SN Ia in this space. SN Iax start bluer than normal SN Ia in
the UV before maximum light but quickly redden (by ∼ 1.5 to 2 mag in Swift uvw1−b)
so that about ten days after maximum they are redder than normal SN Ia (Milne et al.
2010).
As with other thermonuclear supernovae, no SN Iax has been definitively detected in
the radio (Chomiuk et al. 2016) or X-ray (Margutti et al. 2014).
2.3 Spectroscopic properties
Beyond the defining spectroscopic features used for classification of these supernovae
(Fe III dominated spectra near maximum light and low Si II velocity; see Sec. 2.1), SN Iax
show quite homogeneous spectral evolution, which generally matches the evolution of
SN Ia over the period of a few months from maximum light, except with lower line veloc-
ities (Jha et al. 2006). Like SN Ia, the early-time spectra show Fe-group and intermediate
mass elements (including Si, S, and Ca). This similarity extends to the near-UV (with
Fe-group line blanketing). In their near-infrared maximum-light spectra, SN Iax show re-
markable similarity to SN Ia, with Fe II and Si III lines, except at lower typical velocities,
and most prominently, beautiful and unambiguous detections of Co II in the H and K
6 Saurabh W. Jha
A&A 589, A89 (2016)
Fig. 5. Possible linear correlation between the rise time to peak, and
peak absolute magnitude for SNe Iax in the r-band. For comparison, we
also show the region occupied by a few normal SNe Ia, using the esti-
mated explosion epochs and data from sources listed in Table A.8. There
is no clear demarcation between the SNe Ia and the SNe Iax at the bright
end. Note that values shown for SN 2005cf and SN 2011fe are based on
filter transformations (Jester et al. 2005). Unfilled circles denote mea-
surements taken in the R-band, with the exception of SN 2004cs, which
is based on unfiltered imaging. The data sources for all objects are listed
in Table A.8. Grey crosses denote the models discussed in Sect. 5.
SNe Ia which has also been considered in previous studies (e.g.
Narayan et al. 2011; Foley et al. 2013; Stritzinger et al. 2014).
We use the standard definition of decline rate: i.e., the change
in observed magnitude in a given filter between maximum light
and 15 d thereafter. For SN 2015H, we find ( m15)r = 0.69±0.04
which is similar to that observed in some normal SNe Ia, despite
being approximately two magnitudes fainter. It is also consistent
with the roughly linear relation observed in SNe Iax (Fig. 6), al-
though PTF 09eoi is again a clear outlier, as is SN 2007qd in this
instance. Together, Figs. 5 and 6 show that SNe Iax with longer
rise times show slower decline rates, indicating that the width of
a SN Iax light curve is indeed linked with its absolute magnitude
and tied to 56Ni production.
We test whether the trends observed in Figs. 5 and 6
represent statistically significant correlations via the use of
the Pearson correlation coe cient, which is a measure of
whether a linear correlation exists between two variables. A
value of ±1 represents a complete correlation, while 0 in-
dicates no correlation. For the decline rate versus peak ab-
solute magnitude, we find a correlation coe cient of 0.39
(p-value ⇠0.09) when considering the entire sample. Exclud-
ing SN 2007qd and PTF 09eoi8 we find this value increases
to 0.72 (p-value ⇠0.001). For the rise time versus peak abso-
lute magnitude distribution of SNe Iax, we find a correlation co-
e cient of  0.52 (p-value ⇠0.08) when including all objects,
6 http://csp.obs.carnegiescience.edu
8 The nature of PTF 09eoi may be uncertain: its limited spectral series
shows some similarities to SNe Iax at early epochs, but the matches
worsen with time (White et al. 2015). SN 2007qd does not have spectra
beyond ⇠15 d post B-band maximum (McClelland et al. 2010). Both
PTF 09eoi and SN 2007qd lie in a region of Mr vs. ( m15)r separate
from the rest of the sample. Given the lack of data for these objects, we
are not able to make definitive statements about their nature.
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Fig. 6. Decline rate ( m15) versus peak absolute r-band magnitude for
SNe Iax. As in Fig. 5, unfilled circles are SNe Iax in the R-band, again
with the exception of SN 2004cs, which is based on unfiltered imag-
ing. Grey crosses denote the models discussed in Sect. 5. Black points
are values typical of normal SNe Ia, taken from Carnegie Supernova
Project7 (Hamuy et al. 2006) fits to SNe Ia data. Note objects shown
here that are not shown in Fig. 5 as they lack good pre-maximum
coverage are: SNe 2003gq, 2005cc, 2008ae, 2011ay, PTF 11hyh, and
PS15csd. Distances to PS15csd, and PTF 11hyh, 09ego, and 09eoi are
derived based on the estimated redshift. The data sources for all objects
are listed in Table A.8.
and  0.71 (p-value ⇠0.02) if PTF 09eoi and SN 2007qd are ex-
cluded. Thus, our findings are suggestive of the existence of cor-
relations between the absolute (r-band) magnitude of SNe Iax
with both rise time and decline rate.
Using the parameters derived from our light curve, we
now seek to constrain the amount of 56Ni produced during
the explosion, and the total amount of material ejected. Our
maximum light coverage of SN 2015H unfortunately only in-
cludes one filter, so we are unable to construct a bolomet-
ric light curve. We note however, that the colour and decline
rates of SN 2015H and SN 2005hk, are very similar (see
Figs. 3 and 6), and SN 2005hk has extensive pre-maximum
coverage in numerous filters. We therefore stretched the light
curves of SN 2005hk from Stritzinger et al. (2015) and scaled
them to match SN 2015H, allowing us to use these values
to construct a pseudo-bolometric light curve for SN 2015H
across ugriJH filters. Applying Arnett’s law (Arnett 1982), and
the descriptions provided by Stritzinger & Leibundgut (2005)
and Ganeshalingam et al. (2012), we estimated the 56Ni and
ejecta masses. By taking a peak bolometric luminosity of
log(L/L ) = 8.6, and a rise time to bolometric maximum
of ⇠14.5 days, we find that SN 2015H produced ⇠0.06 M 
of 56Ni. Using an average ejecta velocity of ⇠5500 km s 1
(Sect. 3.3, Fig. 9) we estimate an ejecta mass of ⇠0.50 M .
These values are based on simple scaling laws appropriate for
normal SNe Ia. As a test of the validity of our estimates, we
used the light curve model described in Inserra et al. (2013) to
fit our pseudo-bolometric light curve; we find that it is best
matched by ⇠0.06 M  of 56Ni and ⇠0.54 M  of ejecta. Thus, for
SN 2015H, we find our values for the 56Ni mass and the ejecta
mass to be consistent both with other estimates for SNe Iax (see
Fig. 15 of McCully et al. 2014b) and the fact that it is of inter-
mediate brightness among this class.
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M. D. Stritzinger et al.: The bright and energetic Type Iax SN 2012Z.
Fig. 6. MB vs. ∆m15(B) for a sample of CSP
SNe Ia (black dots), a handful of SNe Iax (blue
squares) that span their full range in luminos-
ity, and SN 2012Z (red star). We note the error
bars associated with SN 2012Z are smaller than
its symbol size. The comparison SNe Iax plot-
ted are SN 2002cx (Li et al. 2003; Phillips et al.
2007), SN 2003gq (see Foley et al. 2013, and
references therein), SN 2005hk (Phillips et al.
2007), SN 2007qd (McClelland et al. 2010),
SN 2008A (see Foley et al. 2013, and refer-
ences therein), SN 2008ge (Foley et al. 2013),
SN 2008ha (Stritzinger et al. 2014), SN 2010ae
(Stritzinger et al. 2014), and SN 2011ay (Brown,
priv. comm.).
Fig. 7. (B − V), (V − r), and (V − i) color evolution of SN 2012Z (red
stars), compared to the Type Iax SN 2005hk (blue dots) and the un-
reddened, normal Type Ia SN 2006ax (solid line). The photometry of
SN 2006ax is taken from Contreras et al. (2010). The color curves of
SNe 2005hk and 2012Z have been corrected for Milky Way and host
extinction adopting E(B − V)tot = 0.112 mag (Chornock et al. 2006;
Phillips et al. 2007) and E(B − V)tot = 0.105 mag, respectively, while
the color curves of SN 2006ax have been corrected for Milky Way
reddening.
objects displays intrinsic colors or color evolution which could
allow an accurate estimation of the host extinction.
4.2. Absolute magnitudes, UVOIR light curve, and light curve
modeling
With estimates of peak apparent magnitude for the ugriBV bands
in hand, peak absolute magnitudes were computed adopting an
E(B − V)tot = 0.11 ± 0.03 mag and the direct distance mea-
surement µ = 32.59 ± 0.09 mag. The resulting peak values are
listed in Table 63, with accompanying uncertainties that account
for both the error in the fit to the time of maximum, and the
error associated with the distance to the host galaxy. Reaching
an absolute peak B-band magnitude (MB) ≈ −18.3 ± 0.1 with
∆m15(B) = 1.43 ± 0.02 mag, SN 2012Z is among the brightest
and slowest declining SN Iax yet observed. This is demonstrated
in Fig. 6, where the location of SN 2012Z in the MB vs. ∆m15
diagram is shown compared to a handful of other well-observed
SNe Iax, and an extended sample of SNe Ia observed by the CSP.
Armed with the broadband photometry of SNe 2005hk
and 2012Z, we proceeded to construct UVOIR bolometric light
curves. For SN 2005hk we adopted the early phase photometry
presented in Appendix A, as well as the late phase photometry
published by Sahu et al. (2008). The early phase filtered light
curves of both objects were fit with spline functions, which al-
lowed us to fill in missing gaps in the data based on interpola-
tion. For SN 2012Z the u-band light curve was extended so that
its temporal coverage matched that of the other optical filters.
To do so, we resorted to extrapolation by adopting an average
(u− B) color derived from the last three epochs in which u-band
photometry was obtained.
With the definitive observed light curves in hand, the pho-
tometry was corrected for extinction, and then converted to flux
at the effective wavelength of each passband. This allowed us to
construct SEDs spanning from ∼300 to 2500 nm. The full series
of SEDs were then summed over wavelength using a trapezoidal
integration technique, assuming zero flux beyond the limits of
integr tion. Owing to our limited NIR photometric coverage of
SN 2012Z it was necessary to account for the NIR contribu-
tion of the flux. Given the close resemblance between the peak
3 To derive absolute magnitudes of SN 2005hk (and absolute lumi-
nosity, see Sect. 4.2), we have adopted a distance modulus of µ =
33.46 ± 0.27 mag (Phillips et al. 2007) and the total color excess value
E(B − V)host = 0.11 mag.
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Fig. 2 Absolute magnitude vs. decline rate relation for SN Iax (colored) compared to normal
SN Ia (black) showing the Phillips (1993) relation, in B-band (above) and R (or r)-band below.
These plots are adapted from Stritzinger et al. (2015) and Magee et al. (2016).
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bands for SN 2010ae, 2012Z, and 2014ck (Stritzinger et al. 2014, 2015; Tomasella et al.
2016).
It is at late times that the spectra of SN Iax radically diverge from SN Ia, and indeed,
almost all other supernovae of any type (Jha et al. 2006; Sahu et al. 2008; Foley et al.
2010a, 2016). SN Iax never truly enter a fully “nebular” phase in which broad forbidden
lines dominate the optical spectrum (Figure 3). Rather, in optical spectra taken more than
a year past maximum light, SN Iax still show permitted lines of predominantly Fe II, often
with low velocities < 2000 km s−1, plus Na I D and the Ca II IR triplet. Forbidden lines of
[Fe II], [Ni II], and [Ca II] are also usually present, and in some cases with narrow widths
down to < 500 km s−1 (McCully et al. 2014b; Stritzinger et al. 2015). The linewidths and
relative strengths of the forbidden and permitted lines seem to vary significantly among
different SN Iax (Yamanaka et al. 2015; Foley et al. 2016). The late-time linewidth varia-
tion, for example, approaches nearly an order of magnitude, from a few hundred to∼3000
km s−1. Spectra of SN Iax seem to show relatively little evolution from 200 to past 400
days after maximum (Foley et al. 2016).
The faintest SN Iax, like SN 2008ha and SN 2010ae, show similar spectra to more
luminous counterparts, perhaps with a more rapid spectral evolution to lower velocities in
the few weeks after maximum light (Foley et al. 2009; Valenti et al. 2009; Stritzinger et al.
2014). Around 250 days past maximum, the spectra of SN 2002cx (a “bright” SN Iax; Jha
et al. 2006) and SN 2010ae (one of the faintest) are nearly identical (see Figure 12 of
Stritzinger et al. 2014).
Chornock et al. (2006) and Maund et al. (2010) obtained spectropolarimetric observa-
tions of SN 2005hk and report 0.2–0.4% continuum polarization, consistent with spec-
tropolarimetry of normal SN Ia.
Two objects, SN 2004cs and 2007J, have been classified as SN Iax by Foley et al.
(2013) and show clear evidence of He I emission in their post-maximum spectra, some-
thing never seen in normal SN Ia. White et al. (2015) argue that these objects may be
type-IIb supernovae instead, though Foley et al. (2016) counter that claim and call PTF
09ego and PTF 09eiy into question as SN Iax. In the end, there are a handful of objects
for which the classification may be ambiguous.
2.4 Photometric and spectroscopic correlations
SN Iax span a wide range of peak luminosities and line velocities, and it is natural to
ask if these are related. McClelland et al. (2010) suggested a positive correlation between
these two, with the lowest-velocity SN Iax also being the lowest luminosity. While such a
correlation does seem to hold for the majority of SN Iax, there are clear counterexamples
like SN 2009ku (Narayan et al. 2011), which had a low velocity (similar to SN 2008ha
or SN 2010ae), but relatively high luminosity (like SN 2002cx or SN 2005hk). Tomasella
et al. (2016) show that SN 2014ck is similarly an outlier to the velocity/luminosity corre-
lation. Neither do the lowest-velocity SN Iax necessarily have the fastest optical decline
rates: while SN 2008ha and SN 2010ae decline quickly, SN 2014ck has an intermediate
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Figure 6. Spectra of SN 2008A (this work) and SN 2005hk (Phillips et al. 2007, and this work) compared to those of SN 2002cx (Li et al. 2003; Jha et al. 2006a). These
three SNe Iax have remarkably homogeneous spectra throughout their evolution, and diverge dramatically from normal SNe Ia at late times, as shown by comparison
spectra of SN 1991T (Filippenko et al. 1992b) and SN 1998bu (Jha et al. 1999; Li et al. 2001; Silverman et al. 2012).
(A color version of this figure is available in the online journal.)
possibly O ii. SN 2008A has strong carbon features (even rel-
ative to normal SNe Ia), but SN 2005hk shows no evidence
for carbon emission. One of the key differences between these
two objects is that the velocities of the spectral features of
SN 2008A are higher by 1500 km s−1 at maximum than those
of SN 2005hk. The spectral features of SN 2005hk remain at
lower velocities that those of SN 2008A at all epochs, even out
to a year past maximum.
Figure 9 compares the late-time spectra of SN 2002cx,
SN 2005hk, and SN 2008A. While these spectra are qualitatively
similar, there are key differences (also analyzed in detail by
Foley et al. 2013). At all epochs the velocities of SN 2008A are
higher than those of SN 2005hk, similarly to the photospheric
spectra. SN 2002cx shows a stronger Ca near-IR triplet than
either SN 2005hk or SN 2008A. In the spectra of SN 2008A,
[Fe ii] λ7155 has an asymmetric profile. This may be caused
by contamination from another line; there is a [Co i] feature
at the wavelength in question, but no other [Co i] lines are
seen (including lines more easily excited), making this option
unlikely.
Sahu et al. (2008) identify [Fe ii] λ7389 in their spectra of
SN 2005hk. However, there is another strong feature, [Ni ii]
λ7378, at almost the same wavelength. The feature near these
wavelengths is broader than the [Fe ii] λ7155 line, so we argue
that it is likely a blend of these two lines. There is a strong line
that is near [Fe ii] λ8617 in SN 2008A that is not seen clearly
in SNe 2002cx or 2005hk, but is observed in the normal SN Ia
2003hv and has been used to measure asymmetry in the inner
layers of the ejecta (Leloudas et al. 2009).
We used Syn++ (Thomas et al. 2011b) to model the permitted
lines in the late-time spectra. Our results are also shown in
Figure 9. Because the signal-to-noise ratio was the highest in
the latest SN 2005hk spectrum, we fit the lines in this spectra and
then matched them to the spectra of SNe 2002cx and 2008A. We
find that Fe ii is necessary to fit many of the lines between 6000
and 6400 Å, as was found by Jha et al. (2006a) and confirmed
by Sahu et al. (2008). While many lines are fit well with Fe ii,
some had remained unidentified. We find that Fe i significantly
improves the fit of the late-time SN 2002cx and SN 2005hk
spectra. There are strong lines to the red of the P Cygni profile
of Na i λ5891 that can be seen in all three objects (SNe 2002cx,
2005hk, and 2008A) that are well fit by Fe i with an excitation
temperature near 5000 K. However, there are also [Fe i] lines
that match these features, making the identification of these lines
ambiguous.
The velocity structure of the forbidden lines relative to
the host galaxy is interesting. Figure 10 displays the [Ca ii]
λλ7291, 7323 doublet and [Fe ii] λ7155 line referenced to the
host-galaxy (nucleus) rest frame (as opposed the rest frame of
the ejecta used elsewhere in this work). As the figure shows, the
line velocities are largely consistent over time, though the line
widths decrease as the SNe evolve. Foley et al. (2013) found that
the [Ca ii] and [Fe ii] features were shifted in opposite directions
relative to the host rest frame for the majority of SNe Iax, but for
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Figure 9. Late-time spectra of SN 2002cx ( + 277 days; top, green), SN 2008A ( + 283 days; top middle, blue), and SN 2005hk ( + 378 days; bottom middle, red;
Sahu et al. 2008) compared to a synthetic model spectrum (black, bottom). The synthetic spectrum was created with Syn++ (Thomas et al. 2011b, similar to SYNOW
(Branch et al. 2005)). The synthetic spectrum assumes Boltzmann excitation and only models the permitted lines. Non-LTE effects and forbidden lines are important
for the relative strengths of the lines, but Syn++ is useful for the identification of the lines. We have marked the strongest forbidden emission features, discussed in
the text, with dashed lines. The signal-to-noise ratio is substantially better in SN 2005hk, so this was used for the primary fit and then compared to SN 2002cx and
SN 2008A. Line identifications are included under the synthetic spectrum.
(A color version of this figure is available in the online journal.)
unburned material at all velocities, including the central regions
that are revealed at late times.
Jha et al. (2006a) tentatively identified permitted O i λ7774
in SN 2002cx at 227 and 277 days after B maximum. As can be
seen in Figure 9, the same feature is present in SN 2008A, but
even stronger. If the identification is correct, this matches the
model predictions of a pure deflagration explosion that never
transitioned to a detonation. However, this feature is a permitted
transition, implying that the density of the ejecta is unexpectedly
high out to ∼280 days past maximum. By this phase, SNe Ia
have transitioned to a nebular phase dominated by forbidden
transitions of iron-peak elements.35 If the identification of
O i λ7774 is c rrect and there i unburned oxygen at low
velocity, [O i]λ6300 should be a prominent feature in the nebular
spectra of these objects. We searched for evidence of [O i] λ6300
in spectra of SN 2005hk taken ∼400 days after maximum, but
SN 2005hk did not enter a nebular phase even at these late
epochs and there was no evidence for [O i] λ6300.
Spectroscopy is no longer feasible after these late epochs
because the SN is too faint. Instead, we use photometry to
constrain the strength of the [O i] line at + 573 days after
maximum. [O i] λ6300 is near the center of the r band (F625W)
and is reasonably isolated from any other spectral features
expected to be present. Therefore, we use the r-band photometric
flux as a proxy for the flux in the oxygen line. If the [O i] λ6300
line began to dominate other spectral features and the nearby
35 Branch et al. (2008) argue that permitted lines dominate optical spectra of
normal SN Ia as late as a fe months past maximum light, though by about
160 days past maximum typical SNe Ia have nebular spectra (Silverman et al.
2013).
continuum, as is predicted by the pure deflagration models
(Kozma et al. 2005), we would expect a strong r − i and V − r
color change as the SN transitions to a nebular phase.
To measure this color change, we examine two epochs of
HST photometry of SN 2008A: the first epoch is at +396 days,
at which we expect no contribution from [O i] λ6300 based
on our spectra of SN 2005hk at similar epochs. In our second
observation at +573 days, we do see a strong r− i color change,
but V − r remains relatively unchanged (see the discussion
in Section 3.5); this cannot be easily explained by just the
appearance of a strong line in the r band.
Our photometry of SN 2008A at + 573 allows us to quan-
titatively constrain the amount of oxygen in the ejecta below
the critical density of 106.5 cm−3. The complete deflagration
models of Kozma et al. (2005) give us a relationship between
the oxygen mass and the [O i] λ6300 line flux. If we unrealisti-
cally assume that all of the observed flux in F625W is from an
oxygen line, we would derive a mass of 0.63M⊙ of oxygen at
low density. In reality, the oxygen line flux is only part of the
observed broad-band F625W photometry. If we extrapolate just
the r-band photometry from earlier times to day 573, the data
allow for only 0.40M⊙ of oxygen to contribute additional line
flux.
However, we can derive much more stringent oxygen mass
limits if we constrain the SN spectral energy distribution (SED)
in this wavelength region. Based on the observed spectroscopy
at earlier times, we see that SNe Iax remain pseudo-continuum
dominated in broad-band photometry to ∼400 days past maxi-
mum, and the subsequent photometry does not show dramatic
changes in late-time behavior among the different passbands.
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Figure 2. Late-time spectra of SNe 2002cx at a phase of +227 d, (red curve), 2008A at a phase of +220 d (black curve), and 2008ge at
a phase of +225 d (blue curve). The left panel shows the entire optical region, while the right panel displays the region containing the
[Fe ii]  7155, [Ca ii]   7291, 7324, and [Ni ii]  7378 features (all labeled). The SN 2002cx spectrum has a relatively high signal-to-noise
ratio (S/N), and the small-amplitude features in the SN 2002cx spectrum are mostly real (J06). This figure displays the heterogeneous
late-time spectra of SNe Iax.
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Figure 3. La e-time spectra of SNe Iax (black). Each panel displays the spectrum of a di↵eren SN. The red curv corresponds to the
best-fitting 10-parameter model of the forbidden lines. The blue dotted curves and the gold dashed curves correspond to the individual
narrow and broad components, respectively.
tral appearance between +230 and +403 d (Figure 4). Al-
though roughly 6 months has passed between these epochs,
and the SN is nearly twice as old in the second epoch as in
the first and has faded significantly, the spectra are nearly
identical.
Examining the di↵erences between the two spectra (Fig-
ure 4), we note that there is a slight di↵erence in the
continuum strength, which may be the result of small er-
rors in flux calibration or a slight change to the tempera-
tur of the photosphere. Additionally, the [Ca ii]   7291,
7324 lines have a smaller equivalent width (EW) in the
later spectrum (Figure 4). This di↵erence is caused by the
[Ca ii] lines becoming narrower, with the FWHM decreas-
ing from 290 km s 1 to 230 km s 1, and moving slightly
to the red (as determined by simultaneously fitting both
lines with Gaussians), with the velocity shift increasing from
 360 km s 1 to  180 km s 1 (where a negative velocity in-
dicates a blueshifted feature; Figure 5). Similar behaviour
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Fig. 3 Late-time spectra of SN Iax (col d) compared to a ormal SN Ia (bl ck; left), showing
a clear divergence. Numerous lines t at look like “no se” are actually permitted Fe transitions,
as seen with the Syn++ (Thomas et al. 2011) spectrum synth sis model (black) of SN 2005hk
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decline rate than higher-velocity SN Iax.
2.5 Environments and Rates
SN Iax have dramatically diff rent distribution of host galaxies than normal SN Ia.
In all but a couple of cases (like SN 2008ge; Foley et al. 2010b), SN Iax are found in
star-forming, late-type host galaxies (Figure 4). The host galaxy distribution of SN Iax
is closest to those of SN IIP or SN 1991T/1999aa-like SN Ia (Foley et al. 2009; Valenti
et al. 2009; Perets et al. 2010). Lyman et al. (2013, 2017) confirm and amplify this result
based on Hα imaging and integral-field spectroscopy of Iax locations and hosts: SN Iax
must arise from a relatively young population. Qualitatively, based on SN Iax with high-
resolution Hubbl Space Telesc pe like SN 2008A, SN 2012Z, and SN 2014dt, it seems
as if SN Iax prefer the “outskirts” of their star-forming hosts, but this needs further quan-
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tification, given the selection bias against finding these fainter SN on a bright galaxy back-
ground. SN Iax show no strong preference for high- or low-metallicity galaxies (Magee
et al. 2017), though their explosion locations are more metal-poor than normal SN Ia
(Lyman et al. 2017).
The host reddening distribution of SN Iax is uncertain because of the difficulty in dis-
entangling extinction from the intrinsic photometric diversity in the class, but most known
SN Iax have low reddening, up to E(B−V ) ' 0.5 mag for SN 2013en (Liu et al. 2015c).
Again, selection biases work against finding heavily extinguished members of this already
intrinsically faint class of supernovae.
Because the luminosity function of SN Iax extends down to quite faint magnitudes,
precisely estimating the rate of SN Iax is challenging. Foley et al. (2013) calculate the Iax
rate to be 31+17−13% of the SN Ia rate in a volume-limited sample. Consistent with this, Miller
et al. (2017) found one SN Iax (iPTF16fnm; M ' −15 mag) and 4 SN Ia in a volume-
limited survey. The overall SN Iax rate is dominated by the lower luminosity objects; the
rate of brighter SN Iax (comparable in luminosity to SN 2002cx or SN 2005hk) is likely
to be between 2 and 10% of the SN Ia rate (Li et al. 2011b; Foley et al. 2013; Graur et al.
2017). SN Iax are the most numerous “peculiar” cousins to normal SN Ia.
2.6 Progenitors and Remnants
A major breakthrough in understanding SN Iax came with the discovery of the progenitor
system of SN 2012Z (McCully et al. 2014a). Nature was kind: SN 2012Z exploded in the
nearby galaxy NGC 1309, which was also the host of the normal type-Ia SN 2002fk, a
calibrator for the SN distance scale to measure H0 (Riess et al. 2011). As such, extremely
deep, multi-epoch HST imaging of NGC 1309 (to observe Cepheids) covered the location
of SN 2012Z before its explosion (Figure 5). This deep, high-resolution pre-explosion
imaging revealed a source coincident with SN 2012Z, the first time a progenitor system
has been discovered for a thermonuclear supernova. The detected source is luminous and
blue (MV ' −5.3 mag; B−V ' −0.1 mag), and McCully et al. (2014a) argue that it is a
helium-star companion (donor) to an exploding white dwarf. Further images taken after
the supernova faded reveal the source has not disappeared, consistent with the compan-
ion scenario (McCully et al., in preparation). This discovery marks a critical contrast for
SN Iax compared to normal SN Ia: no such progenitor system has ever been seen for a
SN Ia! Note, however, there are only two normal SN Ia, SN 2011fe (Li et al. 2011a) and
SN 2014J (Kelly et al. 2014), with pre-explosion limits that are as deep as the data for
SN 2012Z.
Foley et al. (2014) detect a luminous (MI ' −5.4 mag), red (R − I ' 1.6± 0.6 mag)
source consistent with the location of SN 2008ha in HST imaging taken about 4 years
after the supernova explosion. At these epochs the SN ejecta flux should have faded well
below this level, so Foley et al. (2014) suggest they may be observing a companion star
to the supernova, or else a luminous “remnant” of the explosion.
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Fig. 4 Sloan Digital Sky Survey images centered at the locations of 25 SN Iax in the SDSS foot-
print. Note the preponderance of late-type, star-forming host galaxies. Each image is 100 arcsec
on a side.
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Fig. 5 Discovery of the only known progenitor system for a white-dwarf (thermonuclear) super-
nova. The left panel shows the deep Hubble Heritage image of NGC 1309 (made from observations
to detect and monitor Cepheids) taken in 2005 and 2006 with HST ACS. Upper panels (b) and (c)
zoom in on the region where the type Iax SN 2012Z was to explode, revealing the luminous, blue
progenitor system S1, believed to be a helium star donor to an exploding white dwarf. Lower pan-
els (d) and (e) show the region after the SN explosion, allowing for a precise measurement of its
position with HST/WFC3, coincident with the progenitor. This figure is adapted from McCully
et al. (2014a).
3 Models
In this section I discuss potential models for SN Iax, starting from general considera-
tions and observational constraints, and then moving to specific scenarios that have been
proposed in the literature.
3.1 SN Iax are likely thermonuclear, white dwarf supernovae
SN Iax show undeniable spectroscopic similarities to normal SN Ia, particularly near and
in the few months after maximum light, with lower velocities being the primary distin-
guishing factor. Given that spectroscopic observations probe different layers of supernova
ejecta over time2, a natural starting point would be to suggest that SN Iax and SN Ia share
commonalities in their progenitors and explosions.
Conversely, the primarily star-forming environments of SN Iax may point to a core-
collapse, massive-star supernova origin. Indeed Valenti et al. (2009) argue that SN 2008ha
has similarities to some faint core-collapse SN, and suggest a “fallback” massive-star
supernova (Moriya et al. 2010) or an electron-capture supernovae (Pumo et al. 2009)
could explain SN 2008ha, though not without some difficulties (Eldridge et al. 2013). This
core-collapse model does not seem to be able to account for higher luminosity SN Iax,
2 “Spectrum is truth.” –R. P. Kirshner
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and so would require objects like SN 2008ha, 2010ae, and 2010el to be distinct from other
SN Iax.
The preponderance of evidence suggests that SN Iax are thermonuclear explosions of
white dwarfs. Spectra near maximum light show carbon, intermediate mass elements like
sulfur and silicon (weakly), and strong features of iron group elements. The Co II infrared
lines (Stritzinger et al. 2015; Tomasella et al. 2016) clearly point to a fraternity with
normal SN Ia. Iron lines are seen at a wide range of velocities, implying efficient mixing
of fusion products rather than a highly layered structure. The lack of star formation or
luminous massive stars in pre-explosion imaging of SN 2008ge (Foley et al. 2010b) and
SN 2014dt (Foley et al. 2015), and the non-disappearance of the progenitor system flux in
SN 2012Z (McCully et al. 2014a) argue against the explosion of massive luminous stars.
The peak luminosities of SN Iax compared to their late-time photometry and modeling
suggest a 56Ni→ 56Co→ 56Fe radioactively powered light curve (McCully et al. 2014b).
Moreover, even fainter, lower velocity objects like SN 2008ha and 2010ae seem to
connect to brighter SN Iax. Foley et al. (2010a) show an early spectrum of SN 2008ha
that features sulfur lines similar to those seen in normal SN Ia. Stritzinger et al. (2014)
show that SN 2010ae has strong Co II lines like other SN Iax and normal SN Ia, and its
late-time spectrum is very similar to the SN Iax prototype, SN 2002cx.
3.2 General observational constraints
The environments of SN Iax do indeed suggest they come from a young population, but
this does not require a core-collapse origin. SN 1991T-like SN Ia have a quite similar
host galaxy preference (Foley et al. 2009; Perets et al. 2010) to SN Iax, and those SN Ia
are still nearly-universally construed as white dwarf explosions. In fact, the problem can
be turned around: the requirement for a young population favors certain binary systems
that can produce and explode white dwarfs quickly. HST observations of nearby stars
in the field of SN 2012Z yield ages of 10–50 Myr (McCully et al. 2014a), while for
SN 2008ha the nearby population is ∼< 100 Myr (Foley et al. 2014). Though young, these
are still significantly older than the expected lifetimes of, for example, Wolf-Rayet stars
that might yield hydrogen-poor core-collapse supernovae (Groh et al. 2013).
Short evolutionary times in a binary system suggest that SN Iax arise from more mas-
sive white dwarfs. If the explosions are occurring at the Chandrasekhar mass (MCh), as
supported by other evidence (see below), then the quickest binary channel for a car-
bon/oxygen white dwarf (C/O WD) is to accrete helium from a He star companion
(Hachisu et al. 1999; Postnov and Yungelson 2014). The stable mass transfer rate can be
high for helium accretion, and Claeys et al. (2014) show that this channel dominates the
thermonuclear SN rate between 40 Myr (with no younger systems) and 200 Myr (above
which double-degenerate and hydrogen-accreting single degenerate systems dominate).
This has been seen in several binary population synthesis studies; these generally find no
problem for the He star + C/O WD channel to produce the required fraction of SN Iax rel-
ative to normal SN Ia, but the total rates may not quite reach the observed values (Ruiter
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et al. 2009, 2011; Wang et al. 2009a,b; Meng and Yang 2010; Piersanti et al. 2014; Liu
et al. 2015a).
Of course the WD+He star channel is in good accord with observations of SN 2012Z,
for which the putative companion is consistent with a helium star. This scenario may also
explain the helium observed in SN 2004cs and SN 2007J. In fact, Foley et al. (2013)
predicted this type of system for SN Iax before the SN 2012Z progenitor discovery. Liu
et al. (2010) present a model (though intended to explain a different kind of system) that
starts with a 7 M + 4 M close binary that undergoes two phases of mass transfer and
common envelope evolution and results in a 1 M C/O WD + 2 M He star. As the He
star evolves, it can again fill its Roche lobe and begin stable mass transfer onto the white
dwarf (at a high accretion rate,∼ 10−5 M yr−1, for instance) that could lead to the SN Iax.
The low ejecta velocities of SN Iax imply lower kinetic energy compared to SN Ia (un-
der the reasonable assumption that SN Iax do not have significantly higher ejecta mass).
Their lower luminosity also points in this direction (though that depends specifically on
how much 56Ni is synthesized). Moreover, there is a much larger variation in the kinetic
energy in SN Iax. All of this points towards a deflagration (subsonic) explosion; pure de-
flagration models of MCh C/O WDs show convoluted structure from the turbulent flame
propagation (e.g., Gamezo et al. 2003; Townsley et al. 2007) that can produce a wide
range of explosion energies. This contrasts with MCh detonation scenarios that lead to
more uniform energy release and a layered structure (Gamezo et al. 2004, 2005).
Deflagrations are thought to naturally occur in the onset of runaway carbon burning
for MCh C/O WD progenitors (e.g., Zingale et al. 2011; Nonaka et al. 2012, and refer-
ences therein). Indeed for years, a leading model to match observations of normal SN Ia
has been the delayed detonation scenario, in which an initial deflagration transitions to a
detonation after the WD has expanded to lower density (Khokhlov 1991; Gamezo et al.
2005). In SN Iax, one posits that this transition does not occur. Such a model matches
many of the observations (Röpke et al. 2007; Ma et al. 2013): lower yet varied energy re-
lease, well-mixed composition (this inhibits the secondary near-infrared maximum; Kasen
2006), unusual velocity structure (e.g., Ca interior of Fe, something not seen in normal
SN Ia; Foley et al. 2013), and the strength of [Ni II] in late-time spectra implying sta-
ble nickel, preferentially produced at high density (near MCh; Maeda and Terada 2016).
Early on, Branch et al. (2004) suggested a pure deflagration model to match spectra of
SN 2002cx. In these models, there is a prediction of significant unburned material (C/O),
which may be confirmed: carbon features are nearly ubiquitous in SN Iax, more so than
SN Ia (Foley et al. 2013), and there are hints of low-velocity oxygen in some late-time
spectra of SN Iax (Jha et al. 2006). There remain challenges to a pure-deflagration model
of SN Iax; for example, Fisher and Jumper (2015) find generically too-weak deflagra-
tions for MCh progenitors because of non-central, buoyancy driven ignition. Furthermore,
asymmetry in pure deflagrations may lead to polarization signatures in excess of what is
observed for SN 2005hk (Chornock et al. 2006; Maund et al. 2010; Meng et al. 2017).
The low-velocity late-time features, which have final velocities that can be much less
than the typical escape velocity from the surface of a white dwarf, suggest that perhaps
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not all of the material was unbound. Similarly, the range of energies that deflagrations
produce could include outcomes less than the binding energy. Thus, in this model, though
SN Iax would be MCh explosions, the ejecta mass could be significantly less, and the
explosions could leave behind a bound remnant. The luminous remnant would be super-
Eddington, and could be expected to drive an optically thick wind. This scenario might
explain the high densities inferred at late times in SN Iax spectra and why they do not
become completely nebular (n ∼ 109 cm−3; McCully et al. 2014b). Different amounts of
ejecta versus wind material could furthermore explain the diversity in line widths and
strengths between permitted and forbidden lines at late times (Foley et al. 2016). A wind
“photosphere” may also explain the luminous, red source seen in post-explosion observa-
tions of SN 2008ha (Foley et al. 2014) and perhaps is involved in producing the infrared
excess in SN 2014dt (Fox et al. 2016). Shen and Schwab (2017) present an intriguing
model for these radioactively powered winds and show good agreement with SN Iax ob-
servations.
3.3 Specific models for SN Iax
In some sense, the pure-deflagration MCh model is a “failed” SN Ia; indeed the primary
reason these models were first explored was to explain normal SN Ia. However, first in
1-d and later in 3-d, it was shown these were unlikely to match observations of SN Ia
(see references listed above). After the identification and rapid observational growth in
the SN Iax class, it became clear that these “failures” might be successfully applied to
SN Iax.
Jordan et al. (2012) and Kromer et al. (2013) presented 3-d simulations of pure-
deflagration MCh C/O WD explosions that did not fully unbind the star (Figure 6), and
connected these to observed properties of SN Iax, as described above. Fink et al. (2014)
explore a range of initial conditions in this scenario varying the number and location of
ignition spots and find that they can yield a wide range of total energy and ejecta masses
from 0.1 M to MCh (i.e., complete disruption). This provides a natural way to explain the
diversity observed in SN Iax, and Magee et al. (2016) show some success in matching a
particular realization of this explosion model to observations of SN 2015H. Long et al.
(2014) also show qualitatively similar results in being able to reproduce SN Iax proper-
ties, but find the opposite sense in the relation between energy yield and the number of
ignition spots, with high luminosity objects resulting from fewer ignition points.
A new wrinkle on the pure-deflagration MCh scenario is based the idea of “hybrid”
C/O/Ne white dwarfs (Denissenkov et al. 2013; Chen et al. 2014). Uncertainties in con-
vective mixing and carbon-flame quenching may allow for central carbon to exist in WDs
as massive as 1.3 M, rather than the traditional ∼1.05 M boundary between C/O and
O/Ne white dwarfs (Nomoto 1984; Doherty et al. 2017). Such massive white dwarfs come
from more massive progenitors and require less accreted material to reach MCh: both of
these lead to shorter delay time between formation and explosion (perhaps as low as 30
Myr), and thus could be particularly relevant to SN Iax (Meng and Podsiadlowski 2014;
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Figure 2. Snapshots of the hydrodynamic evolution of our model N5def. Shown are volume renderings of the mean atomic number
calculated from the reduced set of species in the hydrodynamic simulation (see colour bar). To allow a view to the central part of the
ejecta, a wedge was carved out from the front of the ejecta. (i) At 0.75 s a one-sided deflagration plume rises towards the WD surface
and fragments due to Rayleigh-Taylor and Kelvin-Helmholtz instabilities. (ii) At 1.5 s the expansion of the WD quenches the burning
and the explosion ashes wrap around the unburned core. (iii) Finally, at 100 s the unburned core is completely engulfed by the explosion
ashes which are ejected into space. The small triads at the bottom right corner of each panel indicate the scaling at the origin of each
plot: from left to right the legs of the triads represent 1000 km, 4000 km and 500 000 km, respectively.
Table 1. Position of the ignition kernels of model N5def. Given
are the x, y and z coordinates of the centre of the individual
ignition kernels and their distance d to the centre of the WD.
# x y z d
(in km)
1 65.5  15.5 24.0 71.5
2 38.6  22.7 67.3 80.9
3 13.0 8.2 15.1 21.6
4  5.0  51.3  2.6 51.7
5 5.6 2.9 0.6 6.3
lowed the flame evolution up to 100 s after ignition when the
ejecta reach homologous expansion. To this end we used the
LEAFS code, a three-dimensional finite-volume discretiza-
tion of the reactive Euler equations which is based on the
PROMETHEUS implementation (Fryxell, Mu¨ller, & Arnett
1989) of the ‘piecewise parabolic method’ (PPM) by Colella
&Woodward (1984). Deflagration fronts are modelled as dis-
continuities between carbon–oxygen fuel and nuclear ash,
and their propagation is tracked with a level-set scheme
(Reinecke et al. 1999; Osher & Sethian 1988; Smiljanovski,
Moser, & Klein 1997). All material crossed by these fronts is
converted to nuclear ash with a composition and energy re-
lease depending on fuel density. Composition and energy re-
lease are interpolated from tables which have been calibrated
using our full 384-isotope network. After a very short phase
of laminar burning following ignition, the propagation of
deflagrations is dominated by buoyancy- and shear-induced
instabilities and interactions with a complex turbulent flow
field. The unresolved acceleration of the flame due to turbu-
lence is accounted for by a sub-grid scale model (Schmidt,
Niemeyer, & Hillebrandt 2006a; Schmidt et al. 2006b). Self-
gravity is dealt with by a monopole gravity solver.
The hydrodynamic evolution of our model is shown
in Fig. 2. Since a deflagration flame cannot burn against
the density gradient, our asymmetric ignition configuration
leads to the formation of a one-sided deflagration plume that
fragments due to Rayleigh-Taylor and Kelvin-Helmholtz in-
stabilities. Once the deflagration front reaches the outer lay-
ers of the WD, the burning quenches due to the expansion of
the WD and the ashes wrap around the still unburned core
until they finally engulf it completely. A similar evolution of
the deflagration flame was already described for single-spot
o↵-centre ignitions by e.g. Plewa, Calder, & Lamb (2004)
and Ro¨pke, Woosley, & Hillebrandt (2007). While Plewa
et al. (2004) found an ensuing detonation to be triggered
when the ashes collide on the far side of the star (see also
Seitenzahl et al. 2009a), we – similarly to Ro¨pke et al. (2007)
and Jordan et al. (2012b) – do not find high enough densi-
ties and temperatures for such a detonation to occur due to
a significant expansion of the WD during the deflagration
phase.
Since only a moderate fraction of the core of the WD
is burned, the nuclear energy release in our simulation
(Enuc = 4.9 ⇥ 1050 erg) is less than the binding energy of
the initial WD (Ebind = 5.2⇥ 1050 erg). Nevertheless, about
0.37M  of the WD are accelerated to escape velocity and
ejected into the ambient medium with a kinetic energy of
1.34⇥1050 erg. The remainder of the mass of the initial WD
is left behind and forms a bound remnant. Similar findings
were already reported in 2D (e.g. Livne, Asida, & Ho¨flich
2005) and recently in the context of a failed gravitationally-
confined detonation (Jordan et al. 2012b).
To obtain detailed nucleosynthesis yields of the explo-
sion, we performed a post-processing calculation with a 384
isotope network for 106 Lagrangian tracer particles which
were passively advected during the hydrodynamic simula-
tion to record thermodynamic trajectories of mass elements
c  2012 RAS, MNRAS 000, 1–12
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Table 2. Yields of select species for model N5def.
Bound remnant Ejecta
(M ) (M )
Total 1.028 0.372
C 0.422 0.043
O 0.484 0.060
Ne 0.054 0.005
Mg 0.004 0.013
Si 0.015 0.025
S 0.004 0.009
Ca 0.0003 0.001
Fe 0.004 0.031
Ni 0.025 0.187
56Ni 0.022 0.158
(Travaglio et al. 2004; Seitenzahl et al. 2010). A compilation
of the masses of important species is given in Table 2. To de-
termine the mass that stays bound in the remnant and that
of the unbound ejecta, we calculated the asymptotic specific
kinetic energy ✏kin,a = ✏kin,f + ✏grav,f for all tracer particles.
Here, ✏kin,f = v
2
f /2 and ✏grav,f are the specific kinetic and
gravitational binding energies at t = 100 s, i.e. at the end of
our simulation, respectively. Only for positive values of ✏kin,a
a particle will be able to escape the gravitational potential.
Ot erwise, it will stay bound.
Finally, we mapped the unbound tracer particles to
a Cartesian grid to reconstruct the chemical composition
of the explosion ejecta in the asymptotic velocity space.2
To this end, we used an SPH like algorithm as described
in Kromer et al. (2010). The resulting ejecta structure is
shown in Fig. 3. In contrast to the simulation by Jordan
et al. (2012b), our model shows no pronounced large-scale
composition asymmetry. There are, however, small scale
anisotropies due to the turbulent evolution of the deflagra-
tion flame. The density jump at about 2000 km s 1 is pro-
duced during the strongest pulsation of the bound core (at
t ⇠ 12 s): After significant initial expansion due to burn-
ing, the mostly unburned inner parts of the ejecta start
falling back inwards. This leads to the formation of a central
compact core, which, after maximum compression, starts to
expand again. At the same time, outer layers are still in-
falling and an accretion shock forms at the edge of the dense
core (cf. Bravo & Garc´ıa-Senz 2009). In our model, maxi-
mum temperatures in the accretion shock just reach 109K
at densities of 5 ⇥ 105 g cm 3, therefore no detonation will
be triggered (for critical conditions see Ro¨pke et al. 2007
and Seitenzahl et al. 2009b).
3 SYNTHETIC OBSERVABLES
To obtain synthetic spectra and light curves for our model,
we used the time-dependent 3D Monte Carlo radiative trans-
fer code artis (Kromer & Sim 2009; Sim 2007). For the ra-
diative transfer simulation we mapped the abundance and
density structure of the unbound ejecta at the end of the
2 For unbound tracer particles, the asymptotic velocity is deter-
mined as va =
p
2✏kin,a.
hydrodynamic simulations (by which point homologous ex-
pansion is a good approximation) to a 503 Cartesian grid
and followed the propagation of 108 photon packets for 111
logarithmically-spaced time steps between 2 and 120 d after
explosion. To speed up the initial phase, a grey approxima-
tion, as discussed by Kromer & Sim (2009), was used in
optically thick cells, and the initial 10 time steps (i.e. the
initial three days after the explosion) were treated in local
thermodynamic equilibrium (LTE). For our simulation we
used the ‘big_gf-4’ atomic data set of Kromer & Sim (2009)
with a total of ⇠ 8.2 ⇥ 106 bound–bound transitions. The
resulting broad-band light curves and a spectral time series
are shown in Figs. 4 and 5 and compared to SN 2005hk as
a proxy for SN 2002cx-like objects.
3.1 Broad-band light curves
As reported by Jha et al. (2006) and Phillips et al. (2007),
SN 2002cx-like objects are characterised by distinct spectral
features and light curves. In the following, we will investi-
gate to which extent our model is capable to reproduce these
features. From the broad-band light curves in Fig. 4 it is
immediately obvious that our model matches the low peak
luminosities of 2002cx-like SNe quite well. This, of course, is
not so surprising, since we picked a model with a 56Ni mass
close to that observationally derived for SN 2005hk. How-
ever, we do not only get the correct peak luminosities but
also approximately the right colours at maximum. Moreover,
our model naturally explains the absence of secondary max-
ima in the NIR bands. This is a consequence of the turbulent
burning, which leads to an almost completely mixed ejecta
structure with a roughly constant iron-group element (IGE)
mass fraction at all velocities (see Figs. 2 and 3). Kasen
(2006) has shown that SN ejecta with such a homogenized
composition are not expected to show secondary maxima in
the NIR.
Other peculiarities of 2002cx-like SNe are their slowly
declining light curves in R and redder bands and conse-
quently also in UVOIR bolometric. In this respect our model
has some shortcomings. While it nicely reproduces the post-
maximum decline in the U , B and V bands, our post-
maximum light curve evolution is too fast particularly in R
and redder bands, but also in UVOIR bolometric. This could
be a consequence of our low ejecta mass of only 0.37M ,
which is not able to trap enough  -radiation after maximum.
We note, however, that the synthetic light curves in Fig. 4
are only powered by radionuclides in the ejecta. Thereby
we neglect any possible influence from the bound remnant,
a pu↵ed-up stellar object heated by the explosion, and also
from the 56Ni that falls back onto the remnant (see Table 2).
After maximum light, when the ejecta start to become opti-
cally thin, the bound remnant will be exposed and it could
kick in as an additional luminosity source. We will discuss
this intriguing possibility in Section 4.3.
However, looking at the overall shape of the early light
curves, an insu cient trapping of radiation in the ejecta
and thus too low ejecta mass seems to be more likely. With
a B-band rise time of 11.2 d, our model evolves somewhat
too fast compared to the rise time of SN 2005hk, for which
(Phillips et al. 2007) find a value of 15± 1 d.
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Fig. 6 Snapshots of a partial 3-d deflagration of a Chandrasekhar-mass carbon-oxygen white
dwarf that leaves a bound remnant. Note the lack of burned material in the white dwar co e
in the middle panel (1.5 sec into the explosion). While the thermonuclear ru away in the out r
parts of the white dwarf surrounds and engulfs the core at later times, the explosion energy is n t
sufficient to unbind the star. The model predicts the composition of the ejecta and remnant in the
table shown. This figure is adapted from Kromer et al. (2013).
Wang et al. 2014). Furthermore, a rang of masses for the C/O core could play a role in
SN Iax diversity (Denissenkov et al. 2015; Krom r et l. 2015). Bravo et al. (2016) suggest
that even delayed detonations of hybrid white dwarfs c uld explain SN Iax, though Will-
cox et al. (2016) find the detonation phase makes these explosions more similar to nor al
SN Ia. Liu et al. (2015b) argue that from a binary evolution point of view the compan-
ion star to SN 2012Z is best explained in a system with a C/O/Ne white dwarf primary.
Doherty et al. (2017) note some concerns about the vi bility of the hybrid white dwarf
scenario, including whether the carbon flame can be successfully quenched (Lecoanet
et al. 2016) or if the central C/O region can survive w thout being mixed into the O/Ne
layer ab v (Brooks et al. 2017).
A other class of SN Iax models explores th recent resurge ce in sub-MCh double-
detonatio s e arios for normal SN Ia. In this case vary ng WD mass at explosion can
l ad to diversity, and perhaps explain both p ompt SN Ia and the full range of SN Iax
(Wang et al. 2013; Zhou t al. 2014; Neunteufel et al. 2016). Stritzinger et al. (2015)
argue that the ejecta mass for SN 2012Z is consistent with MCh and advocate a pulsational
delayed detonation model (Höflich et al. 1995) for bright SN Iax. Metzger (2012) and
Fernández and Metzger (2013) explore the potential of SN Iax to result from white dwarf
plus neutron star mergers.
4 Conclusion
Taken together, observations and theory point to a leading model that needs to be tested:
a type Iax supernova results from a C/O or (hybrid C/O/Ne) white dwarf that accretes
helium from a He-star companion, approaches the Chandrasekhar mass, and explodes as
a deflagration that does not necessarily completely disrupt the star. It is quite possible,
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even likely, that one or more aspects of this model is wrong, but it nonetheless gives
observers something to directly test and modelers a general framework to explore and
pick apart. Even within this model, there are important questions: is MCh always required?
Is it always a deflagration? Does varying the ejecta/remnant mass explain the diversity?
Does the WD + He-star channel always lead to a SN Iax?
In addition to testing this and other models with a broad range of observations, we can
look forward to some novel possibilities. For example, what should happen to the He-star
companion of SN 2012Z (e.g., Shappee et al. 2013; Liu et al. 2013)? What might we
expect to observe from SN Iax bound remnants and what happens to them? Will future
extremely-large-telescopes be able to spectroscopically confirm that the companion to
SN 2012Z (m≈ 27.5) was actually a helium star?
What are the broader impacts of our understanding of SN Iax? Is there a connection
to systems like the Galactic “helium nova” V445 Pup, a near MCh white dwarf accreting
from a helium star (Kato et al. 2008; Woudt et al. 2009)? Is it a SN Iax precursor, or is
some parameter different (e.g., the accretion rate) that leads to the nova outcome? Is there
a connection between SN Iax and 2002es-like SN (Ganeshalingam et al. 2012)? Those
are found in older environments, but also have a detection of a likely single-degenerate
progenitor (Cao et al. 2015). What is the relation of SN Iax the population of Ca-rich
transients (Perets et al. 2010)? Are those C/O + He WD mergers?
Of course, one of the key reasons why understanding SN Iax is important is the insight
that gives us about normal SN Ia. But what is that insight telling us? Does it point to
sub-MCh or double degenerate progenitors for SN Ia? Is some form of detonation required
in SN Ia? Does the single degenerate channel always lead to peculiar supernovae? One
factor in explaining why the SN Ia progenitor/explosion problem has been with us for
decades is the vast array of possibilities to explode white dwarfs. Given the enormous
effort that has gone into explaining normal SN Ia, it is astounding to think that we may
have a better understanding of their peculiar cousins, SN Iax.
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